We used intrachromosomal substrates to directly monitor the effect of the cell cycle on the efficiency and the accuracy of nonhomologous end joining (NHEJ) in mammalian cells. We show that both KU and KU-independent (KU-alt) pathways are efficient when maintaining cells in G 1 /S, in G 2 /M or during dynamic progression through S phase. In addition, the accuracy of NHEJ is barely altered when the cells are blocked in G 1 /S or in G 2 /M. However, progression through S phase increases the frequency of deletions, which is a hallmark of the KUalt pathway. Moreover, we show that the intermediates that are generated by the KU-dependent end joining of non-fully complementary ends, and which contain mismatches, nicks or gap intermediates, are less accurately processed when the cells progress through S phase. In conclusion, both KU and KU-alt processes are active throughout the cell cycle, but the repair is more error prone during S phase, both by increasing the mutagenic KU-alt pathway and decreasing the accuracy of the repair of the intermediates generated by the KU-dependent pathway.
Introduction
DNA double-strand breaks (DSB) are highly toxic lesions that can also lead to genetic rearrangements. DSBs can be deleterious, causing neoplastic development, or advantageous, generating genetic diversity in highly controlled processes such as meiosis or V(D)J recombination (Cohen and Pollard, 2001; Jung and Alt, 2004) . Nonhomologous end joining (NHEJ) is an excellent candidate to account for break-induced genome rearrangements (BIGRe). Indeed, in most translocations, breakpoint junctions lack extensive sequence homologies (Zucman-Rossi et al., 1998; Greaves and Wiemels, 2003) . Moreover, NHEJ is a prominent DSB repair process in mammalian cells (Guirouilh-Barbat et al., 2004) . BIGRe requires the simultaneous production of several DSBs and the ligation of two distal double-strand ends leading to deletions, inversions, translocations or capture of an excised fragment (Guirouilh-Barbat et al., 2004; Weinstock et al., 2006) . The canonical NHEJ pathway, KU/DNA-PK/ligase IV dependent, is mainly a conservative pathway (Guirouilh-Barbat et al., 2004; Honma et al., 2007) . Consistently, defects in KU/DNA-PK/ligase IV-dependent pathway components lead to profound genome rearrangements (Ferguson et al., 2000) . Nevertheless, NHEJ can be a potentially mutagenic repair pathway as it is also able to perform the joining of distal ends and to seal imperfectly cohesive ends to the price of limited sequence variability at the repair junctions (GuirouilhBarbat et al., 2004) . In addition, alternative pathway(s) (KU-and/or XRCC4/ligaseIV-independent) have been described (Gao et al., 1998; Feldmann et al., 2000; Wang et al., 2003; Audebert et al., 2004; Guirouilh-Barbat et al., 2004) . We have shown that the KU-independent (KU-alt) is also able to join distal ends and is nonconservative and highly mutagenic as it lead to extended deletions (Guirouilh-Barbat et al., 2004) . This highlights the requirement of a tight regulation of NHEJ to control genome plasticity.
We hypothesized that the cell cycle might affect the regulation of NHEJ. The vast majority of NHEJdefective cell lines are hypersensitive to ionizing radiation in G 1 but not in G 2 (Stamato et al., 1988; Jeggo, 1990; Lee et al., 1997) . Consequently, NHEJ is often thought to act preferentially in the G 1 phase. However, this increased sensitivity might be due to the inability of homologous recombination to act in G 1 , and thus to compensate for NHEJ deficiency (Saintigny et al., 2007) . In addition, NHEJ has also been proposed to act in S phase (Stamato et al., 1988; Saintigny et al., 2001; Couedel et al., 2004; Mills et al., 2004) and throughout the cell cycle (Rothkamm et al., 2003) . However, these conclusions were based on cell survival and on g-H2AX foci generation after ionizing radiation, which are indirect arguments. Recently, chromatin immunoprecipitation experiments showed that KU80 preferentially binds to DSBs in G 1 (Rodrigue et al., 2006) , lending direct molecular support to the hypothesis of cell cycle regulation of NHEJ. Noticeably, none of these studies considered the KU vs KU-alt pathways and little is known about the regulation of the KU-alt pathway.
In the present work we addressed the questions of the impact of the cell cycle on both NHEJ efficiency and accuracy and on the balance KU-dependent vs KU-alt pathways. We used substrates measuring the deletion of an I-SceI excised fragment and both accurate and inaccurate rejoining to determine the impact of NHEJ on mammalian chromosome rearrangements. These substrates monitor the joining of two distal DNA ends (both efficiency and accuracy of the sealing), in a chromosomal context, at a precise molecular level, in living cells (Guirouilh-Barbat et al., 2004) .
Results

NHEJ substrates, cell lines and synchronization
From hamster wild-type CHO-K1 and KU80-defective xrs6 cell lines, we derived clones bearing a single intrachromosomal copy of either the pCOH-CD4 or the pINV-CD4 substrate (Figure 1 ). These substrates allow monitoring of the rearrangements generated by ligation of distal DSBs, in a chromosomal context (Guirouilh-Barbat et al., 2004) . Interestingly, since the I-SceI cleavage sites are located in noncoding regions and the events are not selected for their viability (for example, by resistance to a drug), these substrates allow measurement of both error-free and error-prone NHEJ events (Guirouilh-Barbat et al., 2004) . Since it represents the main BIGRe event (Guirouilh-Barbat et al., 2004) , in the present work we focused on excision/deletion events leading to the expression of the CD4 gene ( Figure 1a) . Depending on the orientation of the cleavage sites, I-SceI generates either fully complementary (pCOH-CD4) or non-fully complementary (pINV-CD4) protruding ends ( Figure 1a) . We have previously shown that the latter substrate allows the alignment of two on the four protruding nucleotides generated by I-SceI cleavage. Such intermediates contain nicks, flap structures, mismatches and/or one nucleotide gap and were grouped in three classes (Figure 1b; GuirouilhBarbat et al., 2004) . The different cell lines used are listed in Figure 1c .
To analyse the impact of the cell cycle phase, we maintained the cells in G 1 /S or G 2 /M from the beginning of the expression of I-SceI until the end of the experiment. After 10 h of transfection with the I-SceI expression vector, the medium was replaced by fresh medium containing the appropriate drugs: mimosine to block cells in G 1 /early S and nocodazole to block cells in G 2 /M (Lalande, 1990; Levenson and Hamlin, 1993) . Cells were blocked in G 1 /S and remained blocked up to 48 h after mimosine treatment (Figure 2a ) 16 h after adding mimosine (that is, 26 h after I-SceI transfection).
This timing corresponds to the highest range of I-SceI expression in the cells used here (Guirouilh-Barbat et al., 2004) . In the same way, 12 h after adding nocodazole, almost all the cells were blocked in G 2 /M phase. Only a negligible percentage of 4N cells was detected (Figure 2a ) 40 h after adding nocodazole. Thus, the majority of cells were blocked in G 2 /M (at least for most of the experiment's duration) when I-SceI was expressed and any putative cells escaping nocodazole block, having undergone mitotic slippage, should have marginal effects on the results. Importantly, our system relies on an efficient transfection and on the expression of the reporter antigens on the cell membrane. To check that neither of these parameters was affected by the cell cycle blockade, we transfected cells with a plasmid coding for the CD4 membrane antigen and monitored the expression of this transgene by fluorescence-activated cell sorting (FACS) analysis. Figure 2b shows that the kinetic of CD4 expression and the percentage of CD4 þ cells were not altered by cell cycle blockade by mimosine or nocodazole, compared to the asynchronous cells.
Neither block in G 1 /S nor in G 2 /M affected NHEJ efficiency Wild-type cells were transfected with the I-SceI expression vector and blocked with mimosine (G 1 /early S). After 60 h of transfection, the percentage of CD4 þ cells was measured by FACS on four independent clones, two with complementary ends (KA8 and KA13; Figure 3a ) and two with non-fully complementary ends (KM4 and KS4; Figure 3b ). In the absence of I-SceI, very small percentages (between 0.1 and 0.3%) of CD4 þ cells were measured, corresponding to unspecific binding of the antibodies. When the cells were transfected with I-SceI, the mean percentages of CD4 þ cells increased up to 3.3 ± 0.3 and 2.7 ± 0.3% in asynchronous cells, with fully complementary and non-fully complementary ends, respectively (Figures 3a and b) , as previously obtained (Guirouilh-Barbat et al., 2004) . Blocking cells in G 1 /S with mimosine did not have any major impact on the percentage of CD4 þ cells, in the four clones analysed. With fully complementary ends, mimosine treatment results in a decrease of CD4 events since the mean values were 1.9±0.2 vs 3.1±0.3% in G 1 /S-blocked cells and asynchronous cells, respectively ( Figure 3a ). However, this decrease was shown to be not significant by the statistical analysis (P>0.05, Student's t-test). In addition, mimosine treatment did not affect events involving nonfully complementary ends: between the two clones KM4 and KS4, the average values were 2.9 ± 0.4 vs 2.7 ± 0.3% in G 1 /S-blocked cells and asynchronous cells, respectively ( Figure 3b ). The present data show that NHEJ is highly efficient in cells maintained in G 1 /S with mimosine.
A similar procedure was used with nocodazole, which arrested cells in G 2 /M phase ( Figure 2a Taken together, the results indicate that BIGRe by NHEJ occurred even when cells were prolonged in G 1 /S or G 2 /M. Importantly, the efficiency of end joining was similar in G 1 /early S, G 2 /M-blocked and asynchronous proliferating cells.
Impact of KU80 on NHEJ-induced BIGRe in proliferating or blocked cells
Alternatively to the canonical KU80-dependent pathway, KU-alt, a highly mutagenic KU80-independent pathway, efficiently repairs DSBs in asynchronous cells (Guirouilh-Barbat et al., 2004) . We investigated whether KU-alt and KU-dependent repairs were used differentially with regard to the cell cycle phase.
We analysed three independent cloned cell lines, two containing pCOH-CD4 (fully complementary ends substrate), XD4 and XD5, and one with pINV-CD4 (nonfully complementary ends substrate), XU7 (Figures 3a and b) . In accordance with our previous data, in the absence of KU80 and in asynchronous cells, highly efficient NHEJ occurs with fully complementary as well as non-fully complementary ends. The frequencies of CD4 þ cells were 2.4 ± 0.4, 1.9 ± 0.5 and 2.3 ± 0.7% in XD4, XD5 and XU7, respectively.
To point out a potential regulation of the alternative KU-alt pathway by the cell cycle phase, we measured Before expression of the meganuclease I-SceI, only H2Kd is expressed. I-SceI cleaves the two sites on each side of an internal fragment (3216 bp) containing the H2Kd and the CD8 genes. The deletion of this fragment and the joining of the two distal ends place the CD4 gene directly downstream of the promoter, and then the CD4 antigen is expressed. Two substrates were constructed: in pCOH-CD4, the two I-SceI sites are in direct orientation, and I-SceI cleavage generates fully complementary ends after I-SceI cleavage for CD4 expression. In pINV-CD4, the I-SceI sites are in inverted orientation and generate non-fully complementary ends for CD4 expression. (b) Different types of repair can occur on non-fully complementary ends (pINV-CD4), depending of the annealing of the protruding nucleotides. Considering both protruding ends (ATAA and AATA), three different sorts of annealing resolutions can occur, involving two nucleotides on the four (in blue with dots) and which generate three classes of intermediates: Class I contains one nucleotide gap (green A/A) and one mismatch (red A/A); Class II contains two A/A mismatches (in red) and two nicks (black triangles); Class III contains two 3 0 nonannealed tails (in red). (c) Name and description of the cell lines used.
Nonhomologous end joining throughout the cell cycle J Guirouilh-Barbat et al CD4 þ frequencies in KU80-deficient cells, following the blocking protocols described above. The frequencies of CD4 þ cells slightly decreased in blocked cells compared to asynchronous proliferating cells. With fully complementary ends, these values dropped from an average of 2.2 ± 0.3% in asynchronous proliferating cells to an average of 1.3±0.2 and 1.5±0.2% in cells blocked with mimosine and nocodazole, respectively. With non-fully complementary ends, the mean frequencies were 2.3 ± 0.7% in asynchronous cells and 1.4±0.3 and 1.7±0.4% in cells blocked with mimosine and nocodazole, respectively (Figure 3b) . However, the statistical analysis did not confirm these results as significant (P>0.05, Student's t-test).
These results indicate that in the absence of KU80, an efficient alternative pathway is able to promote NHEJinduced BIGRe, whether the cells were proliferating or blocked in G 1 /S or in G 2 /M.
Impact of cell cycle on accuracy of end joining
We then addressed the question as whether the accuracy of end joining was altered by treatment-arresting cells in different cell cycle phase. Since KU-defective cells almost exclusively lead to mutagenic repair, this analysis was performed only with wild-type cells, which produced both accurate and inaccurate repairs (Guirouilh-Barbat et al., 2004) .
Fully complementary ends. As a first clue, the PCR products that we obtained in mimosine-or nocodazoleblocked cells (Figure 4a ) were similar to those previously obtained with asynchronous cells (Guirouilh-Barbat et al., 2004) . In the study mentioned above, we have shown that the repair of fully complementary ends (pCOH-CD4) can be either error free, so-called 'HiFi' (high fidelity) or mutagenic, generally corresponding to deletions with or without insertions (Guirouilh-Barbat et al., 2004) .
The sequence analysis (Figure 4b Nonhomologous end joining throughout the cell cycle J Guirouilh-Barbat et al Finally, the size of the deletions was not different in asynchronous cells and mimosine-or nocodazolearrested cells (Figure 4c ).
These data show that with fully complementary ends, blocking cells in G 1 /early S phase or in G 2 /M phase does not have a major effect on the accuracy of the end-joining pathways: the balance between accurate vs mutagenic repair was not affected, neither was the use of microhomologies nor the size of deletions.
Non-fully complementary ends. The same experiments were carried out on cells bearing non-fully complementary ends substrate. Again PCR products with mimosine-or nocodazole-blocked cells (Figure 5a) were similar to the ones we obtained with asynchronous populations (Guirouilh-Barbat et al., 2004) . As described in Figure 1b , end joining of such DNA ends uses either imperfect annealing of the four protruding nucleotides generated by I-SceI (Figure 1b) , or deletion after degradation of the DNA ends. We previously established that in asynchronous cells most repair events used the annealing of two of the four protruding nucleotides (88%). Here the four protruding nucleotides were used with similar frequencies in cells blocked by mimosine (83%) and nocodazole (77%) (Figures 5b  and c) . Thus, the annealing of the four protruding nucleotides remains the main mechanism of NHEJ of non-fully complementary ends, whether the cells are asynchronous or blocked in G 1 /early S or G 2 /M. However, blocking the cells led to subtle alteration of DSB repair. As described in Figure 1b , the events resulting from the annealing of the four protruding nucleotides can be classified in three categories. Blocking the cells modified the distribution of the classes of events (Figure 5c ). In asynchronous cells, class I events represent 65% of the Figure 3 Quantitative analysis of NHEJ events in wild-type or KU80-deficient cells blocked in G 1 /S or in G 2 /M. (a) Quantification of excision-deletion events in wild-type or KU80-deficient cells bearing the pCOH-CD4 (fully complementary ends) (mean ± s.e.m., four independent experiments). (b) Quantification of excision-deletion events in wild-type or KU80-deficient cells bearing the pINV-CD4 substrate (non-fully complementary ends) (mean±s.e.m., four independent experiments).
Nonhomologous end joining throughout the cell cycle J Guirouilh-Barbat et al total, while this value increased to 82% in nocodazoletreated cells and decreased to 40% in mimosine-treated cells, respectively. Class II events that represent 35% of the events in asynchronous or mimosine-blocked cells decreased to 12% in nocodazole-treated cells. Finally class III events, which were not or barely observed in asynchronous or nocodazole-treated cells, increased up to 25% after mimosine treatment. In addition, with blocked cells, aberrant repair products appeared that were not detected in asynchronous cells (Figure 5b ). This error-prone processing corresponded to errors in mismatch repair (EMR), inaccurate gap filling (IGF) and mutation on a paired nucleotide (MPN). In mimosine-treated cells, they represent 10 and 13% of the events with fully and non-fully complementary ends, respectively (Figures 4b  and 5b ). However, since mimosine is known to modify the pool of nucleotides in the cell (Gilbert et al., 1995) , the aberrant repair products might result from the use of the drug. Nevertheless, when cells were blocked with nocodazole the percentage of aberrant products increased to 13% with fully complementary ends and up to 25% with non-fully complementary ends (compare Figures 4b and 5b) .
Analysis of NHEJ accuracy in cells dynamically progressing through S phase
The S phase is a dynamic process, and DNA repair might conflict with DNA replication and thus might compromise genome stability. Therefore, we addressed the question of the impact of dynamic progression through S phase on the accuracy of end joining, that is, in absence of blockade during the repair process. We designed a specific protocol (Figure 6a ). Cells were transfected with exogenous transgenes (I-SceI or nuclear localization signal (NLS)-green fluorescent protein (GFP) as a reporter gene) and mimosine was immediately added. After 13 h of treatment with mimosine (cells were blocked in G 1 /early S), the drug was removed, cells. Indeed, the timing of expression of the reporter CD4 gene and the sustained expression of I-SceI were not compatible with the timing of the experiment during S-phase progression. However, after genomic DNA extraction from the whole-cell population, specific primers ( Figure 1a ) allowed PCR amplification of excision/deletion repair junctions, which could then be sequenced to reveal the occurrence of BIGRe events and to assess the accuracy of NHEJ in the course of active progression through S phase.
With fully complementary ends, error-free events diminished from 46% in asynchronous cells to 33% in cells progressing through S phase (Figure 6d ). In parallel, deletions, which are a hallmark of the KU-alt pathway, increased from 54 to 67%. The same result was obtained with non-fully complementary ends, with which deletions frequency increased from 12 to 35% (Figure 6f) . Consistently, the approximate annealing of the four protruding nucleotides, which represented almost all cases of repair in asynchronous cells (88%), dropped to 65% in the cells progressing through the S phase (Figure 6f ). These results indicate that the progression through the S-phase favors the occurrence of deletions at the joining site. However, the distribution of the sizes of the deletions did not show any influence of the cell cycle phase (Figure 6e ).
Remarkably, with these short incubations with mimosine or nocodazole no aberrant processing in the annealing of the protruding nucleotides was observed with fully complementary ends. In contrast, the sequencing of the repair junctions from non-fully complementary ends (Figures 6f and g ) revealed a high percentage of aberrant repair events corresponding to errors in mismatch correction, mutation of paired nucleotides adjacent to a mismatch and nucleotide insertions. Aberrant repair events increased from 0, 13 and 25% in asynchronous, mimosine-and nocodazole-treated cells, respectively, to 50% in cells progressing through S phase (Figure 6g ). These events revealed alteration of the processing of the intermediates bearing mismatches and gaps leading to more mutagenic repair events.
Discussion
We show here that in wild-type cells, blocking the cell cycle in G 1 /S (mimosine) or in G 2 /M (nocodazole) did not have any significant effect on the frequency of excision/deletion events (CD4 þ cells) compared to proliferating cells. This suggests that distal DNA ends can be efficiently repaired by NHEJ, whatever their structure (fully or non-fully complementary), throughout the cell cycle. In addition, in the absence of KU80, maintaining the cells in G 1 /S or in G 2 /M did not alter the joining efficiency either. This shows that the KU-alt end-joining pathway is also highly efficient in cells maintained in G 1 /S or G 2 /M, with different DNA end structures.
We have shown previously that the use of the four protruding nucleotides is the hallmark of the KU-dependent pathway and is predominant in asynchronous cells (Guirouilh-Barbat et al., 2004 and unpublished data) . It remains the main event in cells going through the S phase. These data are in agreement with previous studies suggesting the involvement of KU80/70 in S phase (Saintigny et al., 2001; Couedel et al., 2004; Mills et al., 2004) . The present data lend molecular support to these observations by directly measuring both efficiency and accuracy of NHEJ itself, in a chromosome context. These data are also in line with the notion that in human lymphoblastoid cells, NHEJ repair of I-SceI-induced DSB mainly results in small or no deletions (Honma et al., 2003 (Honma et al., , 2007 . In addition our data also revealed that the accuracy of end joining is affected by the dynamic progression through S phase. First, we observed an increase of deletions, suggesting that the efficiency of the KU-dependent pathway is decreased in favor of the KU-alt pathway. In addition, S phase affects the accuracy of the processing of intermediates produced by the KU-dependent annealing of non-fully complementary ends. Studies using the same substrates as here showed that polymerases X (Poll or Polm) were involved in the processing of intermediates generated by non-fully cohesive ends (Capp et al., 2006 (Capp et al., , 2007 . In addition, such intermediates, bearing mismatches, might also be processed by the mismatch repair system. In S phase, DNA replication polymerases are duplicating the whole genome. To ensure faithful genome transmission, mismatch repair is tightly associated to replication to correct any error made by the replication polymerase. Since aberrant repair is increased during dynamic progression through S phase, it is tempting to speculate that processing of non-fully cohesive ends might conflict with the replication machinery.
Several DSBs at the same time can generate genome rearrangements. In the present work, we used intrachromosomal substrates monitoring the joining of two distal DNA ends, resulting in genetic rearrangement: excision and deletion of the internal fragment. General chromosome structure and/or other parameters such as nuclear organization and matrix anchorage likely affect the joining of distal ends. Nevertheless, the present strategy constitutes a useful working model mimicking genetic rearrangements generated by the joining of distal double-stranded ends. Our data show that both KUdependent and KU-alt pathways are very efficient in promoting BIGRe, throughout the cell cycle. The fact that NHEJ is less accurate in cells in dynamic progression through S phase and to a lesser extent in cells maintained in G 2 /M underlines the importance of cell cycle arrests for faithful DNA repair. However, prolonged replication arrests can generate DSBs, which can then be processed by both NHEJ and homologous recombination (Saintigny et al., 2001) . The fact that NHEJ in S and G 2 /M phases appears less accurate (present data) also highlights the importance of homologous recombination (an error-free process), more specifically on arrested replication forks, to maintain genome stability.
Nonhomologous end joining in different cell cycle phases reveals a high genome plasticity in response to genotoxic stress. Such processes can generate deleterious mutagenesis or genetic diversity. Therefore, these mechanisms should account for many genome diversity/ instability events, which are essential in fundamental processes such as molecular evolution, genetic adaptation and neoplastic development.
Materials and methods
DNA manipulations
All DNA manipulations were performed as described (Ausubel et al., 1999) .
Cells and transfection
All the clones used here derive from CHO-K1, xrs6 and were maintained in a-minimal essential medium, supplemented with 10% fetal calf serum, 2 mM glutamine, 200 IU ml À1 penicillin, at 37 1C with 5% CO 2 . Linearized NHEJ vectors were electroporated into cells and blasticidin (5 mg ml
À1
) was added 48 h after electroporation. Southern blots were performed on genomic DNA to confirm the single copy at a single locus.
Expression of the meganuclease I-SceI in the cell lines was achieved by transient transfection of the expression plasmid pCMV-I-SceI (Liang et al., 1998) , using Jet-PEI, under conditions specified by the manufacturer (Q-BIOgene, Illkirch, France).
NHEJ assay
Detection of H2Kd or CD4 expression was performed as previously described (Guirouilh-Barbat et al., 2004) .
Repair junctions from excision-deletion events (CD4 þ ) were amplified by PCR using specific primers (see locations in Figure 1a ): 'CMV-3': 5 0 -GTACGGTGGGA GGTCTATA-3 0 and 'CD4-int': 5 0 -GCTGCCCCAGAATCTTCCTCT-3 0 .
PCR products were cloned in pGEM-T (Promega, Charbonnie`re, France), which allows isolation of individual clones, and sequenced.
Synchronization experiments Synchronization in G 1 /S or in G 2 /M The medium was discarded and replaced by fresh medium containing the appropriate drugs, mimosine (200 mM, Sigma-Aldrich, St Quentin, Fallaviere, France) or nocodazole (40 ng ml
À1
, Sigma-Aldrich) 10 h after transfection with pCMV-SceI. Cells were collected 60 h after transfection, that is, 50 h after the addition of the drugs.
Synchronization in S phase Cells were first incubated with transfection medium containing mimosine (200 mM) to synchronize the cells in G 1 /S. After 13 h, this medium was discarded and replaced by fresh medium containing nocodazole (40 ng ml À1 ). Cells were collected 21 h after transfection.
